The propeller performance has been investigated using a benchmark Duisburg Test Case ship with RANSE. First, the hydrodynamic characteristics of propeller in case of open water have been analyzed by a commercial CFD program and the results are compared with those of experimental data. Later, the flow around the bare hull has been solved and the frictional resistance value and form factor of the ship have been obtained and compared with those of ITTC57 formulation and experimental results for validation. The free surface effect has been ignored. A good agreement has been obtained between the results of RANSE and experiments at both stages. Then the ship -propeller interaction problem was solved by RANSE and the differences in thrust, torque and efficiency of propeller as compared with the open-water numerical results have been discussed.
Introduction
With the aid of enormously growing computer technology, Computational Fluid Dynamics (CFD) solutions on ship resistance and propulsion have increased rapidly in recent years. One can have a general idea of this reality by counting the number of CFD based papers published in journals and conference proceedings and due to this fact research has been switched to advanced subjects and more complex geometries. Constitution of an experimental setup is an expensive alternative and although experiments can give some part of solutions of the flow field, CFD provides with comprehensive information [1] .
Computer technology has made a breakthrough during 1980s, becoming cheaper and faster every day. Up to that date, potential methods were forming the core of the analyses excluding the effects of viscosity and turbulence. The analyses covered one part of the ship generally; which would be the bare hull, propeller or the rudder only. However; computers have allowed more complex analyses and the attention then started to evolve to the interactions of the appendages with the ship hull. Propeller -hull interaction had drawn attention in these times. For example, analyzing the history of the Symposium on Naval Hydrodynamics, propeller hull interaction was seen to be a major subject first in 1984 when the 15 th of the series of the symposium was held. A previous symposium held just in 1980 has no articles based on the interaction concept while in the 15 th symposium propellerhull interaction covered two sessions. In that symposium, a total of eight papers were presented in two sessions with many of them being experimental works. These experimental works have paved the way for numerical studies but some numerical studies have also been made at that time and one of them was a paper published by Zhou and Yuan. Their study covered two-equation turbulence model to solve the flow near the stern, and the propeller was modeled by using a lifting line theory [2] . The thrust deduction and the effective wake of the system were accurately calculated with their method.
There are more experimental works on the subject than numerical works due to the complex system of the rotating flow induced by the propeller. But besides that, the emergence of some commercial and professional CFD codes has allowed many scientists to gain insight about the propeller hull system. Some recent numerical works are summarized here. For instance, Shen et al. have investigated the hydrodynamic performance of a ship with a propeller numerically. They have used RANSE with CFD and validated their solutions with the existing experimental data [3] . Tocu and Lungu predicted the hydrodynamic performance of a ship hull with a propeller [4] . The free surface effects are included in their study. Stück et al. redesigned a ship hull and optimized the wake in the light of propeller-ship interaction [5] . Lee and Chen have looked at the ship-propeller interaction from the cavitation point of view and have investigated the interaction effect on propeller induced cavitating pressure [6] . Szelangiewicz and Abramowski have worked on the hull form modification on ship resistance and propulsion characteristics [7, 8, 9] . A part of their work was to calculate the effects of the ship hull on the hydrodynamic characteristics of the propeller. Not only the propeller-hull system but also propellerrudder-hull system was also analyzed using commercial CFD codes. Lungu and Pacuraru have solved the flow problem around a container ship that has rudder and propeller with finite volume method using RANSE [10] . The effect of propeller swirl was taken into account and effective wake was also calculated. The flow around a ship with all its appendages were investigated by Muscari and his colleagues both experimentally and numerically [11] . Experimental works were carried out by LDV while numerical studies were done with a commercial software using RANSE.
There are many experimental studies about the ship hull interaction with its appendages; some of these are listed here. A work made by Felli and Felice investigates the wake of a propeller by LDV experimentally [12] . They have aimed to pave the way for numerical studies that may be developed in the future. Again an experimental work by Felli and his colleagues' focused on the propeller and rudder without a ship hull form [13] . The work emphasized on the low performance of rudder working behind the propeller producing corrupted flow. Carlton et al. have worked on the interaction of the appendages with the ship hull based on CFD, model tests and sea trials [14] . The interaction was examined for rudder design. In that work, rudder's contribution to the overall propulsion efficiency for different designs was tested.
Hydrostatic Properties of the Ship and The

Propeller
In this study, a benchmark post-panamax container ship called Duisburg Test Case (in short notation, DTC) has been used [15] . The hull and propeller geometries have been spread online. The results of open water propeller tests, resistance tests and propulsion tests are also accessible.
Main particulars of the model and the full ship are given in table 1. figure 1a . A close up view of the stern and the bow forms can also be seen from figures 1b and 1c, respectively. The figures only show the underwater hull form. More details about the ship and the propeller can be found in reference [15] . The experimental data is also available in the same article.
Method
In this study it is analyzed the effect of the ship hull on the propeller efficiency with a commercial RANSE solver. The momentum equation of the flow, also known as the Navier -Stokes equation, can be written as;
This equation usually holds for laminar flows, however; ships work on high Reynolds numbers. Due to this reason, the flow around the hull (especially at the stern) is highly turbulent. Originating from the complex behavior of turbulence and their unpredictable effects on the flow, time averaged values of parameters are brought into the equation. The relation between the flow velocities, average values of parameters and oscillations in time can be defined as:
Here, are components of flow velocities of a point in the directions of x, y and z respectively, and are oscillations in flow velocities at that same point. This approach is called RANSE (Reynolds Averaged Navier Stokes Equation) and the time averaged equations of Navier -Stokes and continuity give rise to an equation in tensoral notation:
Here ̅ ̅ ̅̅̅̅̅ define the average values of parameters in time.
The last term in the RANSE equation (equation (3)) is the Reynolds stress component and refers to the oscillations in time. By considering equation 2, the continuity equation can be defined as:
Again, the time averaged values of parameters in time are used in the continuity equation. In this study, the flow is accepted to be steady and incompressible and the effects of free surface and cavitation are ignored. Due to the incompressible flow, the energy equation is automatically eliminated from the conservation equations and only the continuity and momentum equations would be left. After several simplifications, the conservation equations will be in the form;
These four equations in equation set (5) make up the brick of RANSE used in this study. Here there are seven unknown parameters; ̅ ̅ ̅ ̅ . Linking the equations obtained from turbulence models and boundary conditions to the conservation equations, the problem becomes mathematically solvable. For a broader explanation of the theory of RANSE and its numerical implementation, refer to [16] . Details of the used turbulence model are given in the next section. 
CFD validation with open water propeller test results
At the first step, a tested propeller DTMB4119 was solved with CFD to validate the results. DTMB4119 has a wide range of study both numerically and experimentally; therefore, it is used as a guide before solving for DTC propeller.
The details used in the CFD program will not be explained extensively here, since they have already been mentioned in detail in the following section. All factors selected for the solution of this propeller has been also used for the DTC propeller. The predicted pressure coefficient for DTMB4119 is compared with the results of Brandner [17] . The comparison is given in figure 2. In Figure 2b the negative pressure coefficients have been shown to be attuned to the color scheme of figure 2a. The realizable turbulence model with standard wall function is used and the effects of cavitation are ignored. The propeller is thought to be deeply submerged in water: no free surface effects are included. The fluid domain is divided into two parts: inner part rotates with the propeller while the outer part has no rotation. Please refer to figure 3 for a view of the domain.
The rotation of the inner domain is equal to the number of revolutions that the propeller makes in a minute. The inlet velocity is held to be constant in the analyses and the number of revolutions of the propeller is constantly changed to have different advance coefficients J. The inlet velocity in the analysis is set to be 1.335m/s.
The wall boundary condition is specified at the boundary of the outer wall. The propeller blades are rotating relative to the adjacent cell zone, which is in the inner fluid domain. The turbulent intensity is 1% and turbulent viscosity ratio is 1. The least square cell based SIMPLE scheme for pressurevelocity coupling is used. The pressure, momentum, turbulent kinetic energy and turbulent dissipation rate are all in second order. The under relaxation factors are set to have default values. The solutions converge after about 1,000 iterations.
The comparison of CFD results with those of 
CFD Validation for Bare Hull
The flow around the bare hull is solved with 1.2 million tetrahedral mesh elements. Only half of the hull is modeled in the solver due to symmetric hull form. The effects of wave resistance have been ignored therefore the analysis covers only a double body flow solution. A better view of the fluid domain has been generated in figure 7 .
The water density is 998.8kg/m 3 and the water kinematic viscosity is 1.09*10 -6 m 2 /s for convenience with reference [15] . Realizable turbulence model with standard wall function has been used. The effects of cavitation and free surface have been neglected. The turbulent intensity is 1% and turbulent viscosity ratio is 1. The least square cell based SIMPLE scheme for pressure-velocity coupling has been used. The pressure, momentum, turbulent kinetic energy and turbulent dissipation rate are all in second order. With default under relaxation factors, there were some problems regarding the convergence of the solution; therefore, momentum, turbulent kinetic energy and turbulent dissipation rate under relaxation factors were all set to 0.1. The number of iterations has been increased due to the choice of these factors but the results were stable. After around 10,000 iterations solutions have converged.
The total resistance coefficient of the hull can be decomposed into three components;
Here; C F is the frictional resistance coefficient, C VP is the viscous pressure resistance coefficient and C W is the wave resistance coefficient. The free surface effects are neglected therefore wave resistance equals to zero:
In this study, the total resistance can be found by adding the viscous pressure resistance and frictional resistance. The frictional resistance coefficient may be calculated from the ITTC57 correlation line which is given by the formula; Re is the Reynolds number which is given as;
The values of frictional resistance coefficient C F and total resistance coefficient C T are given in table 5. The biggest error percentage is around 2.5% in C F , while it is about 3.5% in C T . The error is calculated as;
| |
It may be said that CFD results are quite compatible with those from experiments. The C F and C T values can also be seen in figures 8a and 8b, respectively.
The form factor has been given as 0.145 for the full scale ship in reference [15] . The form factor of the ship is found to be 0.131. This is a satisfactory result.
Ship -Propeller Interaction Effect on Propeller Performance
To catch the effects of the hull on the propeller and due to the highly turbulent incoming flow to the propeller behind the ship, a finer mesh of around 6 million tetrahedral elements is used. The water density and kinematic viscosity is selected to be the same as in the case of open water problem, which were 998.47kg/m 3 and 1.044*10 -6 m 2 /s, respectively. Realizable turbulence model with standard wall function is used and the effects of cavitation are ignored. The propeller -ship system is deeply submerged in water; therefore, the flow is a double body solution and there are no free surface effects taken into account. The fluid domain is divided into two parts; the first involves the propeller wake which rotates with the propeller and the second is the (theoretically) unbounded fluid domain that the ship is moving in. The propeller has a rotation and thus there is no symmetry for half of a ship solution; therefore the whole underwater hull is modeled. A better view of the fluid domain is shown in figure 9 . The turbulent intensity is 1% and turbulent viscosity ratio is 1. The least square cell based SIMPLE scheme for pressure-velocity coupling is used. The pressure, momentum, turbulent kinetic energy and turbulent dissipation rate are all in second order. The convergence of the solution is satisfied and the relaxation factors are decreased if needed. After around 10,000 iterations, solutions are found to have converged. The ship causes a change in the incoming velocity to the propeller plane and the velocity differs at each part of the disc. The velocity that the propeller is working in the interacted case is calculated by dividing the surface integral for velocity by the area of the propeller disc. This operation gives only one area weighted average velocity for the propeller. The advance coefficient in the interacted case uses this area weighted average velocity.
The effects of the ship on propeller performance (K t , K q , η 0 ) can be seen in figure 11 .
A tabulated form of figure 11 is given in table 6. The interaction of propeller with the ship hull changes the performance of the propeller greatly.
In the case of ship hull, the thrust coefficient of the propeller decreases in low advance coefficients and increases in high advance coefficients with respect to the case of no ship hull (open water case). However, this variation in thrust is compensated by the variation in the torque coefficient. In most cases, (except small efficiency losses in advance coefficients between 0.6 and 0. The pressure coefficients at the aft part of the ship including the propeller are given in figure 13 which shows the contours for the face and the back sides of the propeller. The effective wake (no rudder effect is considered in this study) can be seen in figure 14a along with the nominal wake shown in figure 14b . The effective and nominal wake contours are taken from the propeller axis.
Figures are given for J = 0.661. The results produced from CFD analyses must be compared with those of experimental propulsion tests for validation. To do this, the self-propulsion point of the model should be determined. The velocity of the model is set to be 1.335m/s and by using table 4, total resistance coefficient can be found to be by interpolation technique. The total resistance is then;
The propeller should generate a thrust force to overcome this total resistance plus the extra resistance by itself from the thrust deduction factor.. However, a quick estimation made with the resistance of the bare hull will lead to a total resistance being equal to the thrust. From table 3 for the interacted case and by using the thrust coefficient equation; it can be found that for self-propulsion point must lie between J = 0.6 and J = 0.7:
Total resistance of the bare hull corresponds to a point between these values. However, a point that is satisfied for , must be found This value must be obtained for the best value of the self-propulsion advance coefficient. An initial guess for an advance coefficient should be made and at the last guess must be supplied. The estimation for the self-propulsion advance coefficient is found as 0.661. The difference between the thrust and the total resistance is found to be -0.2 for this advance coefficient which is sufficient for the current case.
After the analysis converged for J = 0.661, the thrust and torque values are read from the solver. Thrust and torque coefficients for the interacted case is found to be;
Then these values are found for the interacted case and the open -water propeller test is applied to the propeller for the self-propulsion advance coefficient. The thrust and torque coefficients for the open -water propeller case is found as;
The relative rotative efficiency is given as;
The relative rotative efficiency is calculated for the self-propulsion point as;
This value is found to be 0.959 in the experiment. The error percentage when compared to the experiment is found to be around 1%.
The hull efficiency is given as;
The hull efficiency depends on thrust deduction factor and wake coefficient. These coefficients are defined as; Here; T is the thrust supplied by the propeller to the ship hull while R T is the total resistance of the ship hull without the propeller. v A is calculated by surface integration of the axial velocities and dividing them by the propeller disc area. v is the ship speed.
Following this notation, the thrust deduction factor and wake coefficient are found to be; Therefore; the hull efficiency becomes,
The hull efficiency has been found to be in reference [15] . However in the original paper [15] , self -propulsion point is calculated by interpolation over measurement results while in this study the self -propulsion point is found with an iterative manner. The thrust gradients over advance coefficients may be high and therefore, calculation of self -propulsion point with interpolation may guide to different results. It can be said that the hull efficiency found with this way is more reliable.
Conclusion
The hull effect on the propeller performance of the Duisburg Test Case hull has been examined in this paper. First, the propeller in the open -water and the bare hull has been solved and the results have been compared with those of experiments for the validation and calibration of CFD solver. After satisfactory results have been obtained for both cases, the ship with a rotating propeller has been solved in the solver to investigate the hull effect on the propeller. Even though the efficiency in the open -water case of the propeller has big curvature, it is in the interacted case found to be much flatter. Changes in the advance coefficients affect the hull -interacted case lesser. Maximum efficiency in the interacted case is found to be higher than the openwater case. Maximum efficiency in the open water case is at J = 0.8 while it is J = 0.9 for the hullinteracted case. The results were justified by calculating the relative rotative and hull efficiencies of the propeller -hull system.
In terms of propulsion performance of the Duisburg Test Case Hull, the rudder also plays an important role. The solution in this study is given without the effects of rudder on the propeller performance. An actual case should include the rudder with the possible effects of cavitation and free water surface.
The reference article [15] does not state whether the propeller is optimized or not. Propeller optimization will increase the propulsion efficiency of the ship. An integrated work covering all the aspects of the real case will provide with better results for a propeller optimization which will lead us to take one more step ahead for a better initial design.
